Philadelphia chromosome-like acute lymphoblastic leukemia (ALL), also referred to as BCR-ABL1-like ALL, is a high-risk subset of B-lymphoblastic leukemia/lymphoma that shares a significant gene expression profile with the Philadelphia-positive ALL and generally has a less favorable outcome, compared to other ALL subtypes. Because of the clinical importance of these cases, Philadelphia-like ALL has been included as a provisional entity in the 2016 WHO classification of hematolymphoid neoplasms. Here we report the clinical and pathologic findings in a patient with Philadelphia-like ALL, with emphasis on the practical diagnostic and prognostic aspects of this pediatric malignancy.
Introduction
Acute lymphoblastic leukemia (ALL) is the most common childhood malignancy, and remains a leading cause of death in pediatric patients. While current 5-year overall survival rates in children are 85% or higher, the survival following relapse is significantly decreased. From a biological standpoint, ALL is a heterogeneous entity comprised of multiple subsets with distinct genetic alterations, clinical features, and variable response to therapy [1] .
BCR-ABL1-like B-lymphoblastic leukemia/lymphoma (B-ALL), also known as Philadelphia (Ph) chromosome-like ALL, is a neoplasm of lymphoblasts committed to the Blineage, that lack the BCR-ABL1 translocation, but show a pattern of gene expression very similar to that seen in ALL with BCR-ABL1 [2] . Leukemias with these genetic profiles frequently demonstrate translocations of other tyrosine kinases, or alternatively have translocations involving the CRLF2 gene. Less often, they may show rearrangements leading to truncation and activation of EPOR. From a practical standpoint, it may be difficult to both identify such patients without a complex laboratory set-up, and it may be difficult to screen cases of newly diagnosed B-ALL to determine which patients would need such analysis. Because of its clinical importance, Ph-like ALL is recognized as a provisional entity in the 2016 World Health Organization classification of myeloid neoplasms and acute leukemias, and recent studies have helped define the genomic landscape of this entity. In addition, preclinical studies have demonstrated the efficacy of targeted inhibitors of relevant signaling pathways in specific Ph-like ALL subgroups, and precision medicine clinical trials have been initiated for this high-risk ALL subset [2] .
In this case report, we describe a pediatric patient diagnosed with Ph-like B-ALL. We summarize the clinical, morphologic, immunophenotypic, cytogenetic and molecular findings in this patient, and discuss them in the context of our current understanding of this entity.
Case report
The patient is a 17 years-old, previously healthy female who presented to the emergency department with a 1-week history of headaches, diffuse myalgias, night sweats, nausea and emesis, nose bleeds and teacolored urine. Her past medical history was significant for polycystic ovary syndrome, and her family history included a great aunt with leukemia, and a grandmother with ovarian cancer. Physical examination revealed bulky bilateral cervical lymphadenopathy, and she was presumed to have infectious mononucleosis. Initial laboratory investigation performed in the emergency department revealed a mild elevation of liver function enzymes and a negative Monospot test. In addition, testing for viral hepatitis A, B and C was also negative. A complete blood count was performed and showed a WBC count of 8.2 x 10 9 /L, hemoglobin 11.8 g/dL and platelet count of 43 x 10 9 /L. The differential count revealed 25% blasts, 12% segmented neutrophils, 61% lymphocytes, and 2% monocytes.
Because of the findings of anemia, thrombocytopenia, and circulating blasts, the patient was transferred to the Pediatric Hematology/Oncology unit for further workup, which included peripheral blood flow cytometry and bone marrow biopsy. The bone marrow aspirate smears showed numerous, hypercellular particles. Blasts comprised 80% of nucleated cells and consisted of mediumsized cells with high nuclear-to-cytoplasmic ratio, mild nuclear irregularities, coarsely dispersed chromatin, inconspicuous nucleoli, and small to moderate amount of deeply basophilic cytoplasm with occasional vacuoles. The core biopsy was 100% cellular and demonstrated sheets of blasts with similar morphology to that described in the aspirate smear ( Figure 1 ). Peripheral blood flow cytometric immunophenotyping revealed a 40% population of aberrant B-lymphoblasts, that were CD45 (-), CD10 (+), CD22 (+), CD20 variably (+), CD19 (+), HLA-DR variably (+), CD34 partial (+), CD56 partial (+), Tdt (+), and negative for the remaining lymphoid and myeloid markers tested, including CD14, CD5, CD7, CD33, CD13, CD3, CD4, CD8, CD117, CD16, and MPO ( Figure 2 ). Conventional cytogenetic analysis performed on bone marrow aspirate demonstrated a normal female karyotype 46, XX, in 20 out of 20 cells examined. Fluorescence in situ hybridization (FISH) did not detect a t (9;22) translocation in 200 cells analyzed, but was positive for a deletion 12p (ETV6) in 72% of nuclei. In addition, a CRLF2 rearrangement was observed in 51% of cells analyzed, and an extra IgH signal was present in 57% of cells, likely due to a translocation with CRLF2. Molecular analysis was negative for a JAK2 V617 mutation.
Additional low-density microarray (LDA) testing performed at the University of New Mexico was positive for a Ph-like ALL signature, with high CRLF2 expression, and negative for the P2RY8-CRLF2 translocation.
The patient underwent induction chemotherapy according to the CALGB 10403 protocol [3] . A bone marrow aspirate on day 15 of induction chemotherapy showed a hypocellular marrow with minimal residual B-ALL by flow cytometry. A repeat bone marrow evaluation at the time of peripheral blood count recovery (on day 28 after initiation of induction chemotherapy) demonstrated a hypercellular marrow with increased blasts, consistent with persistent disease. The patient subsequently failed re-induction chemotherapy and is currently being worked up for anti-CD19 chimeric antigen receptor T-cell (CAR-T) therapy.
Fig. 1.
Bone marrow morphologic findings at the time of B-lymphoblastic leukemia/lymphoma diagnosis : blasts comprised 80% of the bone marrow aspirate nucleated cells and consisted of medium-sized cells with high nuclear-to-cytoplasmic ratio, mild nuclear irregularities, coarsely dispersed chromatin, inconspicuous nucleoli, and small to moderate amount of deeply basophilic cytoplasm with occasional vacuoles. The core biopsy was 100% cellular and demonstrated sheets of blasts with similar morphology to that described in the aspirate smear. (+), CD20 variably (+), CD19 (+), HLA-DR variably (+), CD34 partial (+), CD56 partial (+), Tdt (+), and negative for the remaining lymphoid and myeloid markers tested, including CD14, CD5, CD7, CD33, CD13, CD3, CD4, CD8, CD117, CD16, and MPO.
Discussion
Herein we present a patient with Ph-like B-ALL, including the typical laboratory workup associated with this diagnosis and illustrating the generally poor prognosis associated with this entity.
Ph-like B-ALL is relatively common, with a prevalence of 10-25% in patients with ALL. The highest frequency has been described in adults, adolescents and children with United States National Cancer Institute (NCI) high-risk ALL, while occurring less often in children with standard-risk ALL. The frequency of certain genomic alteration varies with certain genetic and ethnic backgrounds. For example, individuals with Native American genetic ancestry and Hispanics have a higher frequency of IGH/CRLF2 translocations, while CRLF2 translocations are very common in children with Down syndrome [2, 4] .
The clinical and morphologic features in patients diagnosed with Ph-like B-ALL are in general similar to those seen in other types of ALL, although presentation with an elevated white blood cell count is one of the high-risk clinical features that tend to be more common in this subset. The blast immunophenotype is also typical to that of other types of B-ALL, including expression of CD19 and CD10. The evaluation of CRLF2 protein expression by flow cytometry has diagnostic utility, as a subset of cases with CRLF2 translocations demonstrate very high levels of CRLF2 protein expression on blasts, and thus can be used as a screening tool for this type of translocations. In contrast, there is no specific immunophenotypic signature associated with translocation involving the EPOR gene or other tyrosine kinases [2] .
Ph-like/BCR-ABL1-like B-ALL was independently described by two groups as a subtype of ALL that had a gene expression profile very similar to that of Ph-like ALL, a high frequency of deletions of IKZF1 (which codes for the lymphoid transcription factor, IKAROS), and of other lymphoid transcription factor genes, such as PAX5 and EBF1, and an overall poor survival [5, 6] . The analytic approaches and probes set used by Mullighan and colleagues from the Children's Oncology Group (COG)/St. Jude Children's Research Hospital (SJCRH) were somewhat different than those employed by the Dutch group of Den Boer and colleagues, which led to significant overlap, but also to some discordant case assignment between Ph-like B-ALL cases (COG/SJCRH definition) and BCR-ABL1-like B-ALL cases (as defined by the group from the Netherlands). Furthermore, of the 110 probe set included in the Dutch BCR-ABL1-like B-ALL signature and the 225 probe set for the COG/SJCRH Ph-like ALL signature, only 9 of these (recognizing 7 genes) are shared in the two panels. Of note, none of these 9 probes are included in the 8-gene low density array (LDA) Ph-like ALL signature developed at the University of New Mexico and used by the COG to identify patients with Ph-like ALL [7, 8] . However, from a practical standpoint, it is important to keep in mind that specific underlying genomic lesions may potentially serve as clinically actionable therapeutic targets, rather than the Ph-like / BCR-ABL1-like status itself.
As such, Ph-like ALL may show various types of chromosomal alterations, involving many different gene translocations and various partners. For example, about 50% of cases show CRLF2 gene rearrangements, usually associated with an interstitial deletion of the PAR1 gene family, which juxtaposes CRLF2 to the promoter of the P2RY8 gene. Another translocation partner is the immunoglobulin heavy chain gene, IGH, which can also be involved in translocations with EPOR. Another set of patients demonstrate translocation involving tyrosine kinases, such as ABL1 (with genes other than BCR), ABL2, PDGFRB, NTRK3, TYK2, CSF1R, and JAK2. CRLF2 rearrangements and kinase translocation appears to be mutually exclusive, as they rarely coexist in the same patient. While some of these translocations may be detected by standard cytogenetic analysis (karyotype), CRLF2 interstitial deletions are often cryptic and require other diagnostic methodologies. Of note, about half of the cases of Ph-like ALL with CRLF2 rearrangements have also mutations of JAK2 or JAK1 [2, 4] .
Because of this fairly complex genomic landscape of Ph-like ALL, there is no single method or universally accepted algorithm for effectively screening and identifying potential patients with this leukemia. Potential methods include: (i) low density array (LDA)analysis, which is currently used in the research/clinical trial setting by the COG to initially screen for Ph-like signature; (ii) FISH analysis with break apart probes for known kinase genes; while this is a potentially simple and cost effective test, it is limited in scope; (iii) RT-PCR may screen for or confirm known gene fusions; (iv) capture-based RNA sequencing (RNAseq); and (v) next-generation sequencing (NGS); the latter two methods have the advantage of flexibility and potential for covering an increased number of potential target genes, but also with a significantly higher price tag.
For example, the current Ph-like ALL genetic testing algorithm used by the COG employs the LDA 8-gene panel to screen, followed by a series of multiplex RT-PCR assays, FISH, and DNA sequencing to identify the underlying genomic alterations. Based on those results, patients with Ph-like ALL and ABL-class fusions have the tyrosine kinase inhibitor, dasatinib added to chemotherapy starting with the second month of treatment. In contrast, high risk Ph-like B-ALL patients with CRLF2/JAK pathway lesions are eligible for the AALL1521 trial which combines postinduction therapy with ruxolitinib [8] 
Conclusion
In summary, Ph-like B-ALL comprises a significant subset of patients with ALL, and has been associated with inferior outcomes in most studies. Overall, these patients do not only have a poor prognosis, but also have a higher risk for being positive for minimal residual disease (MRD), and it is unclear to what extent the outcome is being independently impacted by the MRD status. Ph-like B-ALL is characterized by kinase rearrangements, of which CRLF2 alterations are the most prevalent, and often associate with JAK1 or JAK2 mutations. In patients with this type of B-ALL, screening for targetable kinase alterations is the most critical aspect of the diagnostic algorithm, as demonstrated in the subset of children with PDGFRB translocations and primary resistance to induction chemotherapy [9] . These patients have shown significant responses to treatment with tyrosine kinase inhibitors such as imatinib and dasatinib, and this hypothesis is further tested in clinical trials targeting patients with ABL-class fusions, with the goal of improving the poor outcome. From a practical standpoint, there are multiple testing modalities available, although an algorithm for the optimal detection of patients with Ph-like B-ALL is likely dependent on individual patient population characteristics and available resources.
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